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(54) DIGITAL CURRENT CONTROLLER FOR MOTOR 

(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a digital current controller 
for motor, which is capable of current control of high-speed 
response without generating overshoot in step response. 
SOLUTION: A feed forward signal calculating part 5 inputs a 
current command la to output a current command before one 
sampling cycle as model current signal lam, and a model voltage 
signal Vam. A current controller 7 inputs a deviation between the 
primary current la of a motor 1, and a model current signal lam to 
output a compensation voltage signal Va1. A PWM chopper 3 
controls the primary voltage Va of the motor 1, so as to match the 
primary voltage command Va' obtained by adding the model voltage 
signal Vam and the compensation voltage signal. 
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1 

i ] wMm<D i ^y >?mmm 

hv< y ? um-+ Z> til^f 4 iS ? /uS«tfW» 
1 iEiT^y y^iia^t, lif- 

>^mmm<o i &®ffi^£^x/v^;ffit L-cm 

at, 

±12^7Vi^t£±f2 l &««2t ^ii^^rA^ ItMffi 

±e*hrwe t _bt£^^u«EE t *i>m it i ^mmm 

±lsmt5^o 1 ScttffitfiE 1 ^1EH^ t -§m- s <t 
9 KWJ#i- 5 «EM*P#gfc t &ffl * *: t £#« t i" 5 

at, 

JlE^t^MBK t ±E 1 t w«^«r ttl© 

±12 1 ±151^ ^ y v^JWSlcA* U 

fit«ffit Lt^tS lft«et«:EESi»#St, 

±e^-tvu«ee t ±is«^mEE t ±ib i &*g£tmEE t £ 

±ism«m^ l ft«EAS±E l ^lE^i^ t -Si" 6 cfc 
5 ^««i-S«E«8»^«t 4r«^.fc d t ^r»« t 1"5 

i &««tfg*t ±e i Km>m><nu^*°*ri/-?y >?mm 
fti-A*ju ±iemi*^i&^>^*>*ffi£±iE 

fcit«u«««flEt, ±Ei»««t if-^y^^jwffl 
*«»*«t, 

±12miib$£tf> l ftSEE^s±E 1 »cWE»<fr t <£ 



(2) #^^1 1 -1 8 4 6 9 

2 

1 *«*»«t ±E 1 J^mffioiiM^-y-v^y 

-y-^y ^^n«-ciftbfciit±E«aE«:*i:T#e>*t 
fcjt«*t««EEt. naiftiat 1-y-^y 

ffifamjEt^r, *D»LT«HR«Et LTa*t5««M 
•P#«t, 

±e 1 «>c«atit*s:±Ef- v^y isymnm^xti u 

±Em»«oi»«»t^J:5ft£EI»T«:«»U. l »c» 

/o st«£Et ttai^ti) 1 &«fctmi£*£i?#at . 

±12M{tHffi t ±12 1 »figt«EE t It 1 &^EE 

±e«»«<o 1 &i^Etfs±E i ^ie^i^ t -§srr s «t 
in*m 5 ] ma*) 1 a:***-*- ^ v^^mmn 

1 2fe«i»»*t ±E 1 »c«8K^«SI*-9-^^y >^J1#3 

-y-^y >^ffl-C»L^fit±E«M**UT»P ? tb 
fc*t«*t«WEt, ±Ei*«ft»*t±El*«*t 

«»*««EEt^, Mltl^lE^^ltiUM 

±E«»«co 1 ftmff 3&s±E l &«Ej§^ t -Si" -6 J: 
0 iciBWl-r 5«JE»J»*at w t «r««t i"5 

[»*«6] «§ft«(Di»c«atsr^v^y >ifmmn 
1 t ±12 1 &m»fuCD{i^£:-y- y >^mm 

^t^A^L, ±E«»«Ol&-f ^^^^^^fiSrJiE 
■y-v^y ^^JBJB-C8ftLfcKt±EflH(E«r*C-C»feix 
fctt:«*lflt«HEt, ±Ei t±El&«»Et 

©si:s^*a»LT»?>nfc 1 -y-^^y >vmmm<D 
*»j»^»t, 

±E 1 ^m^tt^^±f2-y->'^ y >-^il^felc:A^ 
40 ±E«»«oi?!fefigi«cJ:S«IEI*T«:atWU, 1 

±12a«SiE t ±12 1 ftSiamjEE t LT 1 

^^rtti^-r^^^at. 

±E«»«<o l »«£EdS±El ft«ffi«*t-iki-5 <t 

50 ^SJffllt51i!j«©T^ ^^/^«*«»Jfi«ICfeV^-C, 
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(3) 



1 1-18 4 6 9 



±15 q W^xA-WE <h ±E«««H £ £Jd3I LTqfil 

d £ ±E d ttlS«E0>{B*£ A* Ltd 70 

±iaS5««tb«oi#:«E<Ddtt&t/q«i^;^^ 
«x±E d *MBE*B«2H0«±IB q tt«EEI§^ £ -§H"5 

qtt«atm*a: jiiEqtt««t<oiHii^-^v^y >vmm 20 

d ttmat^ t _LE d *ME«E<75<B3I £ A* Ltd MW£ 
ilE^BfBa^lftfM^dtt&a^qtt^dS, -^tt 

«l±k d $a® jESt^&tf ±e q wmms^ £ - Si" 5 50 
h/w^m vx^-r^\B\mmwM±<D d ttmatRt* q 

qtt««t**i:±IBqtti««OiBil4r1^>^y V^J1#J 

fc*XfcJfc«ffi««I£i:, JlEq *±Eq«l« 40 

d ^m^^r t±IEd «i«attf><B^*r Ati ltd H8E 
£ffi;>Ji- 6 d M«8c«jai^ t , * 

I a =Va • 1/ (L a S + R a) 
[000 5] 1 IkmWL I a £3g£ h/u* ru ttJt 



-en±E d tt«E»*ft t5±E q nwe» * t -shr* 
± 5 ^#j»i-5«BE*j»#a £ ^^yh r ^ t i- 

[0 00 1] 
[0 0 0 2] 

I^*cok«] mi 6tt«<oi;i)»^T^^^^liSl£ 
9JWS««r^i-**|g|T**>S. I3(C*5^T, lttuWMS 
WM. 2[j:Ilti8lOl9:tl (m^m® la 

£«a-r3Sflfc»ais. 3ttst«t«»«i t-fp^^tts 
i (mss^mm) v a stamp-*-* pwm^ 3 * 

❖ (««^«at»*) I a* £«»tfcU«2*>blftUd 

Va* fcffl*i-S«jBfli«»«-e*>5. 

[0003] &t£ftm-o^TKiE-f 5 0 s-rsaat^ 
i^io^b^^n/ciftia^i a* t. mm 

Stt, ^l:PWMf 3 ^3CJ:oT, E^mib^i 

tb^ 1 (O 1 I a 3&S 1 ft«atJg^ I a * ICig^-T 5 

[ o o o 4 ] m^m 1 7 iti i 6 (D^mfc^ x z>m,%i7 << 

>-^*V;*) . Rafil^fegL (tt«^-»fic) , Kt 

7ojt»y^ v&t^a^y-o-efc^o ^e>^, pwm 

^/<3^J:5«EE*J»i6«Ptt, «»»J»rt?«i:«:« 
LT+»av^iKSLr, ^<D€iSH^ 1 £ LfCo r 

1 rt^I»tvT Lfc»fi«ffi V e Offi«60«Jb 0 td % 

KM«S:?T5»^, 1 a t 1 ft«8S I a t^Pfl 

• ■ • (1) 

Rje«ffiaffids^rfig-c*>5. Sox, «ss«jiaio 
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(4) 



f&m^ 11-18469 



fc>*<Tfc> (1) ^S94ot%ttiL$^^^ 
[0 0 0 6] bZ-%X\ Ml 7 ttT-i-u y^jfomfflZkn 

jg^va* z&ti'tZo *:<Dtztb. m'mmmmmzft 



(s) SE^Az/cffl^^co-b-v'^y ^^*-e«»i- 
[0 0 0 7] nr^^ uz3^¥=L — fX'Mft£tiZ> 



* 70 



A I 
Vp 

V i 

V a 

::-c, vpttitfl»ja««EE, 

•9, x (n) ttn#B^^y ^ffi&^i". 

V p =K p • A I 
Vi=Z'' • V i + T 

V a* = V p + V i 
A I tV a* OH« fc&5tiftS# 



( n ) =1 a * (n) - I a 
(n) =K p • A I (n) 
(n) =V i (n- 1) +T 
(n) =V p (n) +V i 
V i tt«»*t««ffi-C«> 



(n) 



• K i 
(n) 



A I (n) 



K i • A I 



(3) «3&*fe % 



• - - (2a) 

• • • (2b) 

• • • (2c) 

• ■ • (2d) 
^[0 00 8] £ bic s Z^Mffl^T (2) *4rS 

• • • (3a) 
- - - (3b) 

• • ■ (3c) 

20 f?Wo 



o i 8 -ete. 



Va* = (blZ-bO) ■ A I / (Z — 1 ) • • - (4) 

bl=Kp+T-KUb0=Kp • • • (5) 

7<DBmm%ck It (4) 5££r ★ [0 0 0 9] «StfBiJIBi8Soit«^>'KpXt^« 

Kp = La-a>cc N K i = w p i • Kp ... (6) 

W©DCt-^-^S*«) £Lfc 0 
[0012] £ T, [§] 2 0 Kfi. a,cc = 5 00 0 (r 
a d / s ) . wpi=1 2 5 0 ( r a d / s ) <t ft & <£ 
30 51- (6) LT, aSfEfPJWSco^vKSSrfi 1 

ofci^l^lWl a* (D^7 7 7°f{b[:Mt6 
1 I a <7)/&^i£7f2<t % cocc = 10000 (ra 

d/s) . a>pi=2500 ( r a d / s ) 

i a (omte-v-^yy ^^mmr (= i o o ^ s > 
[ooi 3 ] r (Dmfrh, co c c < ufc^ 

-rZ>Z\tffit>&*Z> 0 £fc, cocc = 10000 (rad 
/ s ) „ co p i - 2 5 0 0 ( r a d / s ) O^^fi. ft 

^ 1 u- v^y y^HffloH^, i &®sft i a *s i 



HT% co c c tett«SJ»*Oj£«J^R» (rad/ 

s) , o> p i ^Kpiz*t-rz>m&y<{^K i 

( r a d / s ) tF£& 0 ft 33, il^co p i COffitaco c c 

[ooio] $i%:<Dmw)m<DT ^ itfAswutitm 

td, m i 9(^pwMf 3 y^sr^jpbfc^n y^m^m 
^rv^o -rftfr^, i^i 9ic3o^-c x E^s^tyr 

{f-^Sct. l*«fffi*«tVa* RlfiVa* tm& 

^iylC, /^ffi^Va* CO^fCit^JL, 
jftt^Va* <Dm&tmi*^&M&W£& 1 &®IEV a 

£ L-ca*$ix5o **3, «jeas«ffi«oii«tt. pwm 

[0 0 11] i2 0O>'^l/— >3>T1i, PWMf 
a y/^£ft$^rt y Tjf-*§-S c Oj^&^te5 kHz 

^—tz-i ^ ^ytmmts^x^^Zo -rtzt>*>* -y-v^ 
y ^ymfem-t 1 o k h z mm ioo^) t * 
5. asttti*BTdoaii2 0MfcLfc o £ 

La = l. 9mH. Ra=0. 39Q (l. Ik 



50 



[we c?r±mt), htftiHJa-tZtd 
»t-e. -c#ftv^fc*sted»s. co c c = 5 o 

00 (radXs) „ wp i=1 2 5 0 (r a d/s) 

4-y-v^y >^cos o o /z s f+5S"ei ^® 
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7 

[0014] mmffl»»t up i sj»g&teJB Lfcte 

(nifc^mt It, — tT— <— 9 5 (3 — nyy<-^l7 
-.xl/nn-^^ - >77 1/ 1 9 9 5^9 
^ (EPE 1 95 (Europe Power Ele 
ctronics Conference^ 1995/ 
9) } ) <oHJR$S|-cia*SnfcH»JB3*0 0 5-0 

1 0H4i (^6i) (Vol. 3, P0 0 5-0 1 
0, F i g 4 (F i g 6) ) iC^Jxfct) 5 D - 

jxtt p i mmmz. 1 i s 1 * * 1 ft«ss i % 

ffi££j«U Stator mo d e 1 
[0015] 

fcfcfc:, JfrgJ18t»£:iS<IS:^i-5£, |g 2 0 ic^Lfc 

[0016] m^j^c^^^^7 p ^^^^---^^--v'^-- 

^ PWMf 3 I GBT/j:^^ 

[o o 1 7] ^fcjiiEEPE' 9 5<nm*iftmz.^.m.£ 

[0 0 18] r<Z>|g^tt±ia<OJ: 5ft^JH«:«fti-Sfc 

mk<D=r* ^^yuft8EftJ»SB«r»5 r t «r i ft i i" 
[0 0 19] 

d^-c, i0:s^m^$r±f5-^>ry ^rmmmzA 



(5) 1 - 1 8 4 6 9 

Stir LT£rU>1-5<t*f-, ±E*^«aEo#HHCft# 

m^mn^&t , ±e^7vu««£±eift«at£o(B 

«<tmEE £ ±K*ttvuS1£ k LT 1 ^1E^^ 

m*i-s*D»#«fc, ±E«tfr«<D 1 ft«Eas±E 1 ft 

[0 0 2 0] M*«2|Ett(058M«c«S«»«c07 f ^^ 
il^^{d^>r- ^V'<^^^J^Ii-5 1 b^tc^oV^T. ift« 

^?mnm<D 1 ftmsta^sr^e^/umaEi: L-cm^rt-s 

±K J *7 f /Mi«* -LIB 1 ft«« LTMtS 

±IElftSat»*€r_b 
ISf-V^y >^«JBSU:A*U ±fE«»«^lftSR 
KJ:5«EEI*T£:«SIU lftSfit«£Ei: LtffiMS 
20 lft«fcL®ESm3M££, ±E^t^u«JE 

-hIE 1 ftigfiittE £ £r*D» IT 1 ftflBEJfrfrSrffi* 
i-5*PK^i:. ±IB«»*Olft«JEE^±IElft«]E 

[0 0 2 1 ] !f*^3|2«co^^^^«f!i«(7>x^^ 

^/u««t*j»36«tt. i ftm^-y-^y 

±ta i ftm^co{iM^i^^^ y y^^ia 
*u ±ia«»«oift-f v^^^^^is*:±fe*v^ 

*u««je£, ±iaiftm«tt nj-^ry >rmmm<oi 

JE££r. *DBCLTlft«ffi*S*i: LTUi*i-S«iK*iJ« 
iffiaftacoiftWBEASJniEiftiBflE^t — 

So 

[0022] m&m4^m<D¥&wiz&%n,W)m<DT4i/ 

jM8»c:7-r— Y'<*y?fflm-tz>h<Diz&\<^x. iftm 
^o j:iEift«flEo(BS«:i^v^y ^ymnmcA 

i:. ±iBift«i«*i^sr±ia^v^y ^ymmm^xji 

U ±ia«»«oift«SifcJ:S«E»T«:«aEL. l 

ft««i«EEt urm^-rs ift«et«EE«»#s^, ± 
50 ±ie®»«o i ftmjEas±i2 
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[0023] m&m5^<omwic&z>mwim<DT4 *j 
mmmzyj—F^ypmm-rzhwzis^x, i&m 

Mtftm/E<b. ±«B1 i:JhlEl»:«i«i:0|S^ 
»J»^S * , ±l5mtb^^ 1 »«JEdS±ffi 1 *«BE»« 

[0024] if^efafto^^tc^smi&Sl^xw^ 
^^^(c^^— hv<^^^J^li-^ 1 b(^^cjov^T. i&m 

mmmEZk, ±&ifrmmm&k± j Riik9Mk(om\z 
fat, ±ibi ^Jifa-^^^y ^^mmmz 

A^JU, ±E«»*oi»:fiK:^J:St8;iEI*TS:*l|C 
U l ft»«:«JEt l ScSStWEStH^a 

£ . ±fBM^mffi £ ±IE 1 &j&£t»E <h «:AP» ITl^ 

*s±!E l WtffiHM**-Si-6 «£ 5 £*ffPi-*«E1M* 

[0025] m#m7tzm<o&miz&&mmm(Dzrj *s 
t^mmmsm*. i iskm.m^mm^m 

>-y» ^asirti-A^u iv^v ^ymmmn 
±ta^x/i- q mmffi.<D&fm&<tmzttm l/c^tvu q m 

±IS^tvu q i&m^ £ ±IB q MASK k (Ommi&At) LT 
/HUE £ .kfSMfftflJE t £*nl$ LT q *4«ffi»**a* 
A^ LT d *Mtffi»fr*:ajAi-S d «i«fl£»Jffil^» k , 

w±i2 d HMtffi»<&*tf±K q i&miESt^ * -s-r& 

[0 0 2 6] B^SSEtt^W^Sffift*^^^ 



(6) 1 - 1 8 4 6 9 

JO 

msb^o i * ^M^-bief-v^y y^mm 

xm istzrnk ±tzu^*m zx^htiimtmrnmrnm 
k. ±isqi6mffit m-^y ^ymmffi<ocLmwsm 
&k<Dmtcm<5zmftisxmbfttzmfttii®mj£k&. 

DDSLTq «l@IE*i^ <h Ltai^t5 q M«ft»J«#» 
d«««E»^i:JilEdtt«atO««*:A*L-Cd(l6 
JO «EJS^Srtti*-rSdtt««tfM»#ai:. ±E*««ft 
«oi*«EE^d«Xt^q«lfiK»3ftS, -ttt^ix±iadtt 
«JES^&t/±8E q ^ -Si" 5 J: 9 «-»J»i- 

5 m JE »J«? # & t 3: {1 x. h <0 X to % o 
[0 0 2 7] &7&&9Km<D&f&lZ»Zm»»<DT>Ci? 

jfC^ h^d|^fflLT|5I*ii-5E](iffi«ttJi<Odtt««t 

2&tfq«i«i^#»U if>ry ^^^r^jc^^- 
x^tzmk ±mmm^m\^x^britz^mmmm 

JEt^, AD*LTqtt«EES^tbTai*i-6qtt«SE 
*J«#Si:, d fc±Ed«i««0«**r A* 

LTd*l«ffi»**rai*i-5d«i«*««l*iki:, ±IE 

xaEmftwoi^ismodWii&t/qtt*^, *tmti 

±B d l*miE^^^^_Lls q liHEEii^ t -Si" 5 «t 5 
50 [0 0 2 8] 

If, 3iiPWMf ay^ («ffi#J«i^©:) , 4ti-^^^ 
nnytv-^ i0fl«HI*»48-C*)5. 

40 7 * !7 - K«#«»#«) 5 % «SC§§ 6 , 

[0029] mi&(o^mi <nmittm t W'?z>mz s 
ai^o^ny^ig-cfcs. ^-rm i s kmmz, n^m 

IWeiEVe^-g^Mf^ (1) 

50 ^ytSW^ftotPilBWa, -^co^it^ 
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(7) 



11-18469 



11 

I a =T - Va/La (Z - 1 ) 
[0 0 3 0] ^^T\ (7) 5££ffiaKS»«^7 ? A'tf>e 



12 



xxm^-tZtfritt 45. 



(7) 



5K^»LH!HW*:fT5«HiP*«r, tfcW^ ^i J Kp lOPftfl 



I a m/ la* = (T-Kpl/La) / (Z+T • Kp l/La-1) 



20 



[0 0 3 1 ] &l£f&J»»<7>Jfc«y-f >K p 1 Ol^, L ★ 

I a m=Z" 1 - la* 
Z£*05£«W>fe. (9) 5£te^A-««I amdSlft 

t»ia* &i -^>-:/y y^Mii^ttiS^ 

-MS«t5:tW5. B2tt, roi>«t 5 4WJ»1S 
[00 33] 8 £ *rJfc«-rs * 

— KftWRft 5 £ f*10 L ferric t4otv^:t^ 

I amtt±5£L*:«t 5«eil»C«at«^ I a* £ 1 if-V:/ 

H©l»««tl*I a* T-£>£o *<Dtcfr. 1&«»E« 
*I a* d^r^mtfcl^ JX^y^gEffcLfciE 
1 ^^^y ^MlfflOlHtt^'HtK I a mttJMfe 

^JBIfflolBtt, ±E«Stc«iStt 0 i 4 0 ««fW»»o 
W*t 0^:45. 
[0 0 3 4] y*— K{I#8tgC«B 5 

fcli, i&m$ftli^i a* i^f ^/^bUtS^i 

tt^Ia* Id— §fc$^5fc#|££^4^^®aEVam 

alt JLIS^e-r^^JEft^V a m ^ £2JDgE LT 1 &mEE 



★ a /TIC* L 
70 £o 



30 



40 



(8) 

(8) *3&»&*4##f)ft 



(9) 



l o i ftlEv a ^ l ftSJEif^v a * (CI— Sc 
-T5 J: 5 \zfflWtth&. ^/MBffiv a m^iEflc«lbai 

ii^o^ns, -t*>*s** l^m^^ia* 

attlft««t»*I a^-t«:t 
[0 0 3 5] r^lfico^«|tt±EoftiJ»JHS^J:D« 

y 7it^i«, «KM9Ptt*^>r 5 >m« 

K i <£>fiiEte\ cocc = 10000 ( r a d / s ) . cop 
i = 1 2 5 0 (r a d/s) £45 £ 51c (6) 
l^TRjgbfco H3 36»b, K«D®Sl8iO 1 I a 

B\ i*t«»*i a* Go^ffctcatu lfy/yy^ 
&t>fr&o 4*5, i a<o$iMte. m2o<Dm&tmm 

^LTV^5 0 

[0 0 3 6] ::t% pwMf 3 7^l-J:5tffW^ 

LstLfrj*^?' (HI^COB^) (D\,*irtlfrk LTV^o 

s6ot, ^ p n y t ^-^ ^igTOn d ia 

oT, m^aS^-f ^ ^^bTd/cftSixTl&IBE 

LfcteKlCl&SEEIf^Va* ^^Jxtttf. PWMf 
3 y^tt«ff*lkB»lllT d03JK*«rStt-f. «*^*5 9 
<7>mEE$rai^T-#^ 0 g] 3 (7» ^ v- 3 ^^^rfi, 
1 Scffiffiit* V a * ^ j:eM|ftfKjK^ftix5»frott 
*TfeO. 2 0 u s^Sa^Td^f^^(t6 
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[003 7] ifc\zmma\,^x$iw-irz>o msnz(om 

*Lfci£«t«»« 1 <0 1 I a CDM^^ng^iA 

1 -^^^y V^mJ^^x/^m^L I a mC0<1^^3jt^ x K 
p 1 r t <t «9 ^ f^lEV a m$r*fi?)6o 0<5 

V>T, ^ r «y 7 s S T 3 1 1 y y y > ^iu t 
I a m<fc 1 TfcmM I a OiiA I ^f-^ST 
4f (2) I«»£?tV\ SilEVa l£*:£> 

[0 0 3 8] 5 T% ^T^ST2T' 

^^^ftfc^^/^iiV a m^ry/ST 4 T'*A6^ 
tl^ffimJBEVa 1 fc*rJ0*U lft«EEjg*Va* £ 
*£>5 0 £blZ s ^Ti/7 B ST6t^Ty7 ( ST2T'* 

V\ ^^vUllftt I am£3t£) % ^T5//ST7T\ 
y ^ S T 5 f** bHfc 1 ftlH^ V a ♦ ^PWMf 
a ^/^3(dtti^|-r6o PWMf 3 7^3[Ci^) 

l»C«JE«^Va* IC— gtLfcl&m/EV a tfSffi;£l£ * 

V a m = L a (la* — lam) 
got, (9) 5£&tf (10) 5t«rfflV^ 7>f-K7 
*!7 — K«#0«3t£rfToT<>fiu\, z<nWr&te. HI 5 
fc*5^T* 7fy7 ( ST2T' (10) ^<DWi%*^\ 
^ry^ST6T' (9) *<D*j*£rfT;t»;fftv\, 
T\ (I a* - I am) / T te^rf J^WtM. I a m<7)B#P^ 
^itm^m-To ^VamWtH -LIS (10) ^<D^ 

f/VlEVamlt ^-^/^fflcl a m<7}B#p B ^b 

[0 04 1] ZcoMMcomWl 

7^- K7*7- K«*««»5A«. lt^yy 

^WE^&m^u «a»j«»7ds, ^r^msEtwK 
s ^masee <t ^/miee t it 1 &®jf£*g 

±12mift^^ l l &«ffi«*rc>3Eft:l<:*i- L l * 

Va=La -dla/dt+Ra ■ 
CCT\ l^ffil a^rl^m^^I a* <D&fciCtt 

V a = (L a/T + R a) • I a 0 



(8) nmW- 1 1 - 1 8 4 6 9 
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p 1 <7Mfi£L a/TOffi^-iki*-^^ nweaHt* 
I a* ^^ry/^bl/ci^ ^x/l'tMKl amfjil 

ihv^y isymmmfrx- 1 a* icii^-rs^ Kt - h 

ffi^Sr^-To i£flt«»« l <o i ft««E I a<£> 

i:s:^i<, i&«se**i a* idiitg-tSo **5L 

70 [0 0 3 9] ^75/7 P ST2W^f y/ST 

4, ^fy^ST 5(D?gKMll^^:tL^n, El 1 <Dm% 
«at»J»«7Rl5AD*«8^taSi-5 0 ft*5, * 
777 P ST6 T^^frfc^TVl'llSc I a mCD^g&Q^ 

^^y^ST3 0«at«SA I (OSt^S^S-CSI 
ff-TSiDte, ^T5'7'ST3-Clty7'!J ^ym$8wl<D 

fc5 B ^f77 e ST6^SI^^f^7 P ST 

[0 0 4 0] irr^T', (7) 5£&tf (8) s££JBV*5 
/T • • • (10) 

£ *K J: 5 left 0* Kf- MS# 

30 ^o3h$kf>mhfrZ> 0 

[0 0 4 2] ^m<DMm2. m6l±Z.<D&9i<D&M<Dj& 

mx&>z 0 nifc*3v>T, mmm.mmKDift&tfHzzz 

8^ttl^LTV^5o 3fc*5 1 8:«»lR a <0«ttiSa«»« 
[0 0 4 3] 13 7^0 6(7)^^^:5^:^^^" K 

v>Tta^i-^ 0 (i) ^^^^qf^ix^o 

la •••(11) 

I aCO^^b^d Ia/d t^Hfil a 0/T 
£ti:Z><DX\ &mt£ 1 ^m/EV a fi^^^r^^p 
• • ■ (12) 
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I aOlil Tfcm.Mft'fro^'r y ^{bBtffe 

[0 0 4 4] mfa<DMWtl \CiSifZ>m3<Di/* a 

~> 3 ^B*<&ifi8fc«»«<Bj£*»±. L a = 1 . 9m 
H, Ra = 0. 39QT*fc«9, ^>^!;>^^T=1 

0 0^ stfe6, CO#^fi x Ra/ (La/T) COffi 
ft. 0. 02t4D, l&ffigLRafcJ;S«JEI*T#W: 

*s«t?#5o l^l, -y-^^y isymmrcDm 

^lmsWi^ll Ra/ (La XT) Offifi 0 . 2 

&!K Wto£thtzi#imJ£<D2 0%^igcfigtRatcJ: 
^^«8fE*J«W«tt-Ctt, 1 I a (DjEB^ex y KfcT 

mfcT&<Dgzm&$:tt'r 1 i a * Kt - h 

S*sfeSo 3W6«>»IB2tc:«5««EfMWi6Jltt, -LiBO 

mm^m^^x. mrnmm 1 ^satc 1 ^mm^ 

[0 0 4 5] 8c^»^fco^r»Mi-So B8ttreo* 

w<DnM<DmM2\z.£zmft&7F-?7 v—^^— hx*> 

h 0 mz&\,*X % ifXf5'7'STl^f5/7 P ST4 

T»Va2^5o fc.^fy/STSaWfy 
yST2 T'^^bnfc^-^^JEV a m^7>^ST 
4T*J?>PjtLfcli««BEVa l^Ty^ST4 a T*^ 
fckftfcl&l&fiiWEEVa 2£r*tJj|L. l^mffift^V 
a* £;R£>5o 

[0 04 6] £ felC, ^7y7'ST6WTy7 P ST2 

frV\ ^TV^^I a m£r*#>, ^T77 P ST7t^T 
^/S T 5 a Tt^b^c 1 l^tff^V a* £PWM 
f3^3tffl*t5. t5^s PWMf 3 ^3l:J; 
*9 1 tfcSffiJ^V a * Cl-ft L/C 1 ^1EV a £ 

at. n:«fift«i«cBJ*D*nSo itmv^>K 

1 a* ^^T7^ibL/ct^, ^r^^C I attl-^ 

:^»j«»h,-ei a* KiiSH-ST** Ktr- m& 

S*r*M- 0 aSEm»Ja 1 <0 1 ^m^fL I a <Dfc 

[0 0 4 7] fc*^ ^T>7 7 , ST4a01^jgS:fEV 
a 2COfH^(CioV^rji. l^irila^OCl^I 

«es*i a* *m^z>&m&tbz>* z<om&\*. wz-& 

%nmfe**0<nm&frh I a* fr^y -f&it L , 

fcl^m^I a OilfiOT-fc^o *<D1Z#> % I a SrfflV^ 
Tl&JgMliflEVa 2 0SMtTUVa 2 = 0t4 



(9) HWl 1 - 1 8 4 6 9 

T77 P ST2W^T^^ST6(D^7^» K7* 
17- K«-5§-«3M&5, ^Ty/ST3&^fyyST 
4^iS«W^7, ^r^ST4aOipl 

[0 04 8] r^>3llS^ji2(cJ:^ 

/MBBEiSrwau «%«g«i»7d^ ^/u«ati:«» 

i»c«gt^J:5«ffi»T4i'Wi»c«a:«ES:Slj|[L, AD 
LT 13fc«ff«*«:tb*L. PWMfa^3^ 1 #; 

5 r tic m»«i<£> i &m.mzs 1 

Sri^r ir/«c<ii^-T5 J: 5 left!), moi^g 
[0 0 4 9] ^1^13. :^(DHWS3^ 
OT\ iE^mSj«^e^|||S^ (1) ^45o 

30 x\ mm<DMm2xmA^tz£o[z^ i»«a:«Eva 

2<D7-<— K7*17- KMffiSrfi 1 ^ (1) iW<OR 

L, ^(7)lt^ >K p (7)i^r L a /T(^-t$^5 

lftWSEl a 1 2fcK«em^ I a* ^*{b^»L. ^ > 

[0 0 5 0] L^L, |^»PWM7 3y^:J:5 
40 tlfffflAKift if«C ctoT4 L 55£«««Sfi^Sr*R < r 

&mxihZ>o COl^lftM^I a* ^^"ry^m 

*0»*tu5fc«>. l I a $r^^ Ktr— MMFS-fr 

[0 0 5 1 ] ■^rT-r^jg^r^-rafcfttcfi, l^ 
50 ttffl&Jg* la* tl I a <D«*A I Srffll^ThfcW 
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at»&tTV\ i a* fciir^y ^^mmmm^^titm 

I a 1 * t I a WffiSI A I 1 ^fflV^TS^SW*:*?*. 
i-t^^y ^SJHBHi I a 1* = 0 £ft!9, «%«J» 

«7*w«»K*<oai*«ffit o fctta. ^©8*. i 
a* x y tycfiio 1 1 y / y y ^ji^r B i 

[0 0 5 2] w^JgMCOllJfiCOJKffiafCEife^tL^^ 

[0 0 5 3] ft^ftf^tCoV^TK^i-^o El 1 tew<£> 

[0 0 5 4] ^Ty^ST 1 OT'H «»Hf<fr|S£ 
«1 0d^ffi*$ixfclft««E*^I a* . RVffiiKtt 

Sr-ttt-ettR^i&tfo W^f^7 p STiim l»c 
mMfi^ i a* ti I a (OHi A I ^ 
y yST 1 2-CwO(HI6S:KpffiF-f Swfc«cj:i9Jt«ytt 
§tHVp^tfe5o OOV^t, 3T'l 

y >-7mmm<o 1 ^m^Ji^ i a i * m 

I a<7)(S^A I l*3ft«>, ^f^STl 4T'ei» 

T 1 SM^T^X^ST 1 2T**ai)bnfclfcOTM« 

V i ££aD»U M«mJEV a 1 ?rtfe6o 
[0 0 5 5] 0<5^T, ^f^/ST 1 6 m v 
T 1 0 T^iit^fc 1 ftiffijt* I a * irS^tm 
lil^lWRa^ilU lftfiS«EVa2 
Xr^STl 7X*TyZ?S T 1 5 
T^^b^tfcM«mJEV a 1 ^r^/ST 1 6 T-:£#> 
fcfttf: 1 fc»SL«EE V a 2 S:*D» U 1 fcttEJg* V a 

I a* CD£££ I a l*^i"5 0 r^SCi^ I a 1* 
f*I a* ^ify/^y» -T 

vymjcoi a* £ftS D 
/sti gr^f^/ST i 7 x-Jttb htitz i #c^/£Jb 

<£Va* IrPWMf 3y^3ICtBM6o PW 



(10) fflfl 1 - 1 8 4 6 9 
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X\ it^J^-Y ^KpCOM^L a/TOfllC — S£-t*:3 
1 I a* ii^f^/ttl^, mL%t 

mmm koi &msft i a ^js^hx * k ^ 4 

[0 0 5 6] ±nZx J ryy<D<PT\ ^r^^ST 11^ 
U^ST 1 3 0>«3£as«3S»6. Xr^ST12, ST 
14, ST1 5C0iS^^jf|^7^ ^r^STl 
6 <D*J«U 9, ^T^STHO 

[0057] f£isz<omm<Dmmx^ mmm kdir 

0J:«9 lftJggt«lESt»«9Rt/ai3S«8«rfiiJ»b. » 
mco^TH, 1§I1 1 icjo^5^X^^ST 1 6 £rgij|& 
U ^f^STl 7{Z&\,*X S Va KD^^^CD^ 

[0 0 5 8] j^±©J:9l:, roHJfeo^3JcJ:n 

xm&y-^i) ^^mmxm^tzmt±m^m^mcx 

ADSLTM^mm^ LTfiJ^U 1& 
igiSESlL^ 9 ^ i Rtat^^t 9 y^M^S 

egi«mt^p»Lr l^mBEjg^^m^L, pwMt 
jo a y/< 3 &mmm<n i ^ms^ 1 ^mEE^^-^-^^ 
toicmw-fz^t^xv^ mmm<o 1 mt^ 

i »mat«*oaE{k^*tL 1 ^>^y >^^gtLT% 

*-s<— - h C -5 r ft < iitfc-T S J: 5 * 
«t tJlEffiftV^^^^s/ Ktr— h*S**s#e>ftT, 

ssiSo«aE»j»fi;««:»s r t ^r-# s t v^ 5 jama* & 

[0 0 5 9] HIWfl4. ^(DZ£m<DmM<DMM4& 
ct9ic x «««|»»7<o«»***cJ:5sfe»ft«JEm* 

^ft<-ti:l^ aeo^y Ktf-MS^^nm-r 

srtds-e#So ^:ct\ ±iani6o»ffi3-ctt. i^ 
m^m^i a* ^ri-^^^y v^nuHisais-frfc«**B 

50 h&^o 
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[0 0 6 0] Hfto^jB4tcEtt$ixfc7 f >f >^^/u«iK 
fcr~-*4<z>8ISJrtS5:i&#, HJfico?glfi3(OBI9Xl/ 

no tmcx-frZo 

[0061] &\z.mmzn,*xmm-tZo b i 2 «r <o 

hZo W 9 d — * 4 fit, PWMfa^3T 

[0 0 6 2] tf^fy7 P ST2 0m 

ffi# 2 36*?>m**^ia««tb«ioi»:«j«i a com 

«St«* I a * t 1 #C««El a C0{iHA I 

7^12 2-C«at»J»»7d5-^fiS«rKpf8P-rsr 

^ST2 3-e«««»*7 3ft«Jt«*lflt«EEVpi: lir^ 

zfv >^wi(om^mmmmv i t*iD*u mthev 

«JH*JM§9#l»:««;*BEVa 2£#:tf>5 0 * 
fv^ST2 5(C:fcl^T^^:y:7 P ST2 3X'&htltzffi 
tftHJEVa 1 i:^f^ST2 4 X&*bbtlti 1 &J££fc 
«EVa2^0SLL, l&«J£*f^Va* 
y^ST26t*^<01 ftliJiJi^ V a * SrPWMf 
^3{^Ui*i-5o o<5^T\ Xfi/7 P ST2 7T^77 
/ST2 l"C#P>*tfc«««aEA I £Ji!v*T«5H*ff£: 
*?v\ V i 

[0 0 6 3] a±o«i^6>*>*»5J:5»c, m^ftJtfPSs 
7 OflKMftfftt 1 *«E»* V a * ZWiW. Lfc«-Cfft> 50 

tt6^«>, va* ©atjMcwti-s-^r/y ^rmm$\<om 
ftffimmfrv i jwm^&na. i^or, a^ffi 

Otlftt^I a* ^^T'^attfci^, ^ 
y^ST2 3 0>«3JW<0«#tt««EV i ©IliOft© 

r% ^mEEva i (Dmi&Mffimm&v p <Dmt-m 
1tz>o *^x\ 77y^sT2 5-c»e>jxtift«Effi 

^•V a* ^77 7 P ST2 6T'PWMf 3^3{:Hj 

;^£<t, PWMfa ?s<3\Z& 9 l&mEEtf^Va* 

^-gcLfci^mmva^m^^tt, b:«e«»« 1 icpp 

<t£L a /T<7)ffilc-ffc lRt«S«Ia» 

^C5wt^< > 1 I a* tCiit^-f^o 

[0 0 6 4] ±M*"T yy<D*PX. X77^ST2 1 CO 
SS36 S »»^6. ^77^5122, ^7i//ST23 

<0»»#«^»j»s§ 7 . ^fyysT24wag^i& 

fifit«EE»»S9 % ^7y/ST2 5^g«^8 

Vd= (R a + d L a / d t ) Id- 
Vq = (Ra+dLa/dt) Iq + 



1-18 4 6 9 
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[oo6 5] t£&z<Dnm<Djtmxt*. mmm.mm 1 <n 

ilOiH 9 RUtta JFfll 8 £8iJI& 

U S&m-o^Tte. il 2\Z^h^^^ST 2 4 
£8'JI&U ^75'7 , ST2 5i:fcV^T, V a l<DthJ3& 

[0 0 6 6] \^±<D^0\^. ^<DMm<Dftm4\z£tl 

>-^y ^rmmmzxjdi.. liiwi^y^^y 

&&mm!££$:. Mmi,xffimMj£t itfflTjt, i& 
jgffittjESWs 9 a* >^y >^mmu 

estmmi:^p®LLTiftmjE^$rm^L, pwMf 

3 3 ^mtb^O 1 ftiE* 1 ftmrn^^-fki-s 
«<Z> 1 ftj&Stfc: £ S«EffiTOjR»«rglt £ r t tz < , 

•9, <t 0E»*v^57y Kf- Vi&QtmbinX, 

[0067] mm<Dtem5. mi 3te^<D$&w<Dmm<D 
mm 5 tc *s «■ £ mtftmo^ >r ^ ^ /^ftttiHftisB ^-r 

mSb^ («ffi*J»^S) laWtE^rSiatSPWM^ 
4 a li-e^ ^ n n>t°^ — ^ s 9 iiS 

-f- K7*7- Kfi*«Ht»5. MI^B^l 2. q 
tt««t*J»S (qttm«*J»^a) 7, ^Dff^S, 14 

ffi^X^ 1 1 18, d H«se»J9P3§ 
( d «i«SK»J»^) 1 3 , 1 5 , ^c^a^fs]^ 

«nMii atomteiss^^Lfc^^osiE^siasi- 

S#T#MjE««ffl 1 6 ic^tt bix5 0 
[0 0 6 8] ^TiEll 4{C^oV , »T, K7*!7 - K 

«*«ffffl5Sr«l»L, ADS§5 6 <DAf}iU-%rb LT q $4 
■^^Vagftl qmO{^^l9(C, qlSm»ft^Iq* £t/J! 

• ft a. 

»rLaIq • • • (13a) 

>rLa I d+o) r O r 



21 



10 



::t-, vd, vqtt-tix^ixiftajE^dttXt/qtt 
Id, I qtt-tix^ixiatmaEodtt&t^qttfiK 
£\ 0> r tt0^HES0>fiB5r^i\ Ra x La 

t H = Pil $r I q 

:rt\ Pm te«*rtST*>5 0 (14) 5Sa»e>. 3S£ h 

/U^t« 1 q «IJS# (qttll) I qtCMl^J 

t5ri*sfc*»5. t4bt), I q teiE^mi&i&o l ft 

& 0 d3b) sculpt, ^ia*3«tt«e« 

A*L"CjlU3tx.4V\ (13a), (13b) 

I q = V qX (La S + R a ) 

[0 0 7 1 ] ftlC, Hlfi(DJBffi5<D»f^JCOV^-CR^i- 20 

I d =V~ 2[Iv-sin0r-Iu 
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- • ■ (13b) 
(lft^^**^) , o) r ttHHtej£S-C*>5 0 
[0 0 6 9] 1 »:«8E(0 d ttfifc^ ( d Wa«E) I 

dasotttsj:3icM0M-5^ ^c^«?n»«nai<o 

• • • (14) 

8u2*2Jlti:. d-qWF B 1^^P^m/ES:^LT^^. SE« 

[0 0 7 0] t^ot, lft«EWq«fl£» (qtAOE) 
Vqt qttm^l q ^MfcLtil, (l) ^irl^^tc. ft 



• • • (15) 

aOlftm^Iu, I v7i><b, lft«EWdt(l«»I d 

Mq«I^I qjss*«>e>m^$ix6o 

[0 0 7 2] 



I q = /~2 [ I 



c o s 6 r — I u 



(0 



(0 



) 



[0 0 7 3] H^L/J^*«»«»£«j5>fetti* 
Stbfeq««jjft*B*I q* «T7-f— K7*!7— K«#« 
^a5 5lCA^-T5 9m<DJ81&l (DM 1 *d*3Jt5 7W 
- K7*7- K«*«»«5 ^-«(aot, q 

ttSo @S§§6(cj: «9 N :oqiff/vti I 

q 1 &mt)£tiz>o 

[0 0 7 4]-*, ttlWl 2-Cdttm«»*I d (=* 
V d 2 = — <o r L a I q 
Vq2 = ojrLa I d 

[0 0 7 5] 0<5l^T\ m&.%s8%LTfl 7\Z£K). "74 

iEVqm, qtt««»JIWS7^P>ttiAS^qtt«« 

q* dsffl*$ix5 0 — tsmmx % d$&m%L 

1 3^f,ttJ*SHfcd»««fffVd 1 

Vu* =7" (2X3) [Vd* c 

Vv* =/" (2X3) [Vd* c 



2X3 n) 1 

• • • (16 
2X3 k) ] 

• • • (16b) 

^o) tmwM&^i ifrh&t)£titid$&m,ffii dog 

^£;fc#>, d(*t«IMP8i3l:A*«t, mitcio 

30 ItmteMMB* d t *ffi.9tm l 5 x-Ufr-t Z> z. fc I- 1 
oT#bttfcIelte5iSco r lUtftBl l*»e>ffl* 
^tufcdWm^I dS:^q|6m^I q *t#T**IjEJ»* 
^16CAM6t, (13) *<D:feiflSS2W;i*BSi- 

• • • (17a) 

• • • (17b) 

MjESS^I 6 36»baASnfcd(**T8MsMt«JEVd 
40 2^DS^tl> dilE^Vd* 3&Stti*StL5 0 ft 
Jc, mb<7)Vd* MVq* t:C«jftSl8(::AA 

[0 0 7 6] 

: o s 0 r — Vq* s i n 0 r ] 

■ • • (18a) 

: o s (0 r — 2X3 k ) 

-V q* s i n (0 r - 2X3 n) ] 

• • • (18b) 
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V w* = — (V u* + V v* ) 
[0 0 7 7] -v-f ^ D^ytV-^ 4 a fi q 
I q* Rt/l^S^I u, I v^A^lt, ±lEtf>J:9# 
il^oTl^IE^Vu* , Vv* MVw* £ 
?fr£> y PWM-T ^ 3 a ^ttS^-^'So i"5ir, PW 

M ^ 3 a j c £ V) ! fcfl;EE«*V u* % V v* R 

^ I q* tf^y^fbLfc*^ ^c^a^fsl^miifj^ 
1 aOqttmflU qOWttfy K tf— bJC« t * «9 , 

[0 0 7 8] t r ±1S<Z) J: 3 d Mm» I d & o 
fcttSJ:5^ftHPUfc»fr, (17 b) ***e>fe^SJ: 

qtt#mMS««JEV q 2f*0 fcftS. — ^ d 

l 6£«H&Lfc»g\ dtt*X1M*H*i 3^bl^)iE 

[0079] y±^j;^^, z<omM(omm5^xti 
❖*:A*U ltv^y v^H«s(r^q*ii««s^*r-=E- 

«OBMB»Ms«cJfc« Lfc^e^/i- q ttffiJE t Ztttl L , 

q traaEMMS 7 ^s^-^/u q wmat <b q £ 
^A^urffl^miE^m^L, aow* 8 sfts q wi^/um 
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